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characterization of the stormhistory enabling progressive failuremodes
to be studied. This research focuses on this aspect in proposing two new
approaches and applying them to assess the damage progression on the
breakwater armour layer.
There are a great number of multivariate ﬂood storm models that
analyse ﬂood and drought evolution in terms of their duration, magni-
tude or peak value, e.g. (Biondi et al., 2002; De Michele and Salvadori,
2003; Goel et al., 1998; Shiau and Shen, 2001; Yue et al., 1999). Other
important advance in hydrological ﬁeld is the synthetic storm surge
hydrograph equation proposed by Cialone et al. (1993), later modiﬁed
by Zevenbergen et al. (2004) to better represent the falling limb. That
equation is used by Melby et al. (2011) in order to model time series
of wave and water level parameters.
Unfortunately, only a few approaches can be found in literature to
cope with the storm history characterization, among them, the Equiva-
lent Triangle Stormmodel (ETS), drawn up by Boccotti (2000) adopting
a triangular shape, stands out amongst the early work analysing the
storm evolution. In thismodel, the height of the triangle, “a”, is assumed
to be equal to the signiﬁcant wave height at the storm peak. The base of
the triangle, “b”, (i.e., the duration of the equivalent triangle storm) is
such that the maximum expected wave height of the triangle storm is
equal to the maximum expected wave height of the real storm. Having
deﬁned the “a” and “b” parameters, the equivalent sea is deﬁned as that
part of the theoretical storm above the reference threshold, which sets
the storm condition, HT. Based on this model, De Michele et al. (2007)
introduced the concept of storm magnitude inspired on the hydrologi-
cal variable to deﬁne the ﬂood volume (De Michele and Salvadori,
2003). An extension to the ETS model is that carried out by Arena and
Fedele (2002), in order to take the seasonal nature and direction of
the storm into account. This study compares the return periods
resulting from using the triangle equivalent sea and the total sample
methods. Later, Fedele and Arena (2009) presented a generalisation of
the ETS model called Equivalent Power Storm (EPS), where a shape
parameter, λ, was introduced, enabling the initial triangular model
shape to be varied. Another approach is that of Corbella and Stretch
(2012a) who also assumed a triangular shape, but the base is the real
storm duration above the reference threshold,HT. Most existingmodels
address the evolution of the stormhistorywith a triangular shape. How-
ever, this is not the most suitable for reproducing more developed
waves (ROM 1.0-09 “Recommendations for the Project Design and
Construction of Breakwaters”, 2009).
Furthermore, all these approaches concentrate on estimating the de-
sign storm's return period but donot explicitly address the estimation of
the mean period of each sea state that makes up the storm and this is
decisive for determining the structure's vulnerability. Three approaches
have been adopted to deﬁne the mean period, Tm.
The study carried out by Thompson and Shuttler (1975) may be
highlighted amongst the ﬁrst dealing with the rubble mound breakwa-
ter damage progression, they concluded that the erosion rate is strongly
dependent upon the signiﬁcant wave height,Hs, decreasing the damage
rate with time. They performed a series of trials which Van der Meer
(1988); Van der Meer and Pilarczyk (1984) would later analyse, and
obtained the ratio between the damage and the number of waves,
appropriate for irregular waves. The new wave height parameter, Hn,
proposed byVidal et al. (1995) for intermediate or shallowwater break-
waters design, was the average of the “n = 100” highest waves that
reach the breakwater during its lifetime, Hn = H100. This suggestion is
based on the fact that at a given time, the damage will be related to
the largest waves supported by the breakwater. Later Vidal et al.
(2006), using Thompson and Shuttler's (1975) laboratory data,
concluded that H50 was the most representative parameter to damage
prediction and is independent of the wave height distribution. Using
the Vidal et al. 2006 wave height parameter, H50, instead of the signiﬁ-
cant wave height, Hs, in the recent stability formulae, Etemad-Shahidi
and Bali (2012) founded that this modiﬁcation yields more accurate
results. Then, two new design formulae were proposed. Another ap-
proach is the Medina (1996, 1997) exponential equation, attempting
to reproduce the number of waves associated to each of the sea states
deﬁning the storm history.
Although all this approaches represent a great advance in the ﬁnal
damage knowledge, the damage progression is not considered being
an important aspect in order to establish the appropriate maintenance
and reparation structure periods. This aspect is considered in Lepetit
and Feuillet's (1979) equation which was subsequently amended by
Teisson (1990) proposing a new power equation to take into consider-
ation the damage as a function of the storm duration and the signiﬁcant
wave height, Hs.
Based on Van derMeer (1988); Van derMeer and Pilarczyk's (1984)
formula and with the results of a series of physical model trials, Melby
(1999); Melby and Kobayashi (1998) proposed an empirical formula
that allows the prediction of mean damage progression with regular
wave events, however the formula is limited to new structures because
of the zero initial damages assumption. To avoid this shortcoming
Melby and Kobayashi (2000a, 2000b) proposed two new methods. In
these newmethods the damage in every event only depends on the in-
cremental time, thus the predicted damage progression is too sensitive
to the wave height change. Using these results and additional tests,
Melby and Kobayashi (2011) developed a new model. The model's
equations are based on the maximum momentum ﬂux in the incident
waves and explicitly include the effect of water depth at the toe of the
structure.
This research paper centres on this aspect and proposes two new
approaches analysing its accuracy by comparing real and theoretical
damage progression on the main armour layer, with the model
(Melby and Kobayashi, 2011) used.
2. Storm characterisation
In order to assess the possible relationship between storm shapes
and the maritime climate characteristics of the study area (i.e., fetch
length, wind–wave persistence), two points located in maritime areas
of the Spanish coast were selected. One, SIMAR_10442072, located on
the NW Peninsular Spanish coast is exposed to developed sea states
(swell), whilst the other, SIMAR_2083039, on the NEMediterranean in-
sular Spanish coast, is exposed to typical seawave storms. The historical
climate data used cover a total of 44 years (from 1958 to 2001) and
belong to the hindcast (SIMAR-44) database of Puertos del Estado
(State Ports) (Fig. 1).
2.1. Equivalent Triangular Storm model (ETS), Boccotti (2000)
The height of the triangle, a, in the parametric model proposed by
Boccotti (2000), is assumed to be equal to the signiﬁcant height of the
storm peak, Hs,peak, and the base of the triangle, b, is the Equivalent
Triangular Storm duration, such that the maximum expected wave
height of the triangle storm, ETS, is equal to the maximum expected
wave height of the real storm, Hmax, (see Fig. 2). The maximum height
is calculated by Borgman, 1970 (1973) as:
Hmax ¼
Z ∞
0
1− exp
Z DReal
0
1
Tm h tð Þ½ 
ln 1−P H : HS ¼ h tð Þð Þ½  dt
 
dH ð1Þ
whereDReal is the real stormduration, h(t) is the signiﬁcantwave height
of the stormprogression, Tm is themeanperiod, and P(H:Hs = h(t)), the
probability of the wave height calculated with the expression proposed
by Boccotti, 1997 (2000):
P H : HS ¼ hð Þ ¼ exp −
4H2
H2s 1þ ψð Þ
" #
ð2Þ
where ψ* is the narrow bandedness parameter which, for typical wind
waves, takes values between 0.65 b ψ* b 0.75, and less than 0.60 for
superimposed sea states of sea and swell waves, (Boccotti, 2000).
Other different values for this parameter are proposed by Barbaro and
Foti (2012) who establish a more selective classiﬁcation distinguishing
between typical wind waves, where ψ* varies in the range between
0.68 and 0.74, superimposed sea and swell sea states, associated to ψ*
values between 0.42 and 0.44, and swell waves with ψ* between 0.18
and 0.23.
Considering the values of ψ* proposed by Boccotti, taking the
approach of (Rice, 1945), in agreement with the author, for calculating
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Fig. 2. ETS model parameters and example of modelling.
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and starting from an initial base, b, iterations are made until getting ETS
model's Hmax to equal the corresponding real storm. The maximum
height corresponding to the ETS model is:
Hmax ¼
Z ∞
0
1− exp b
a
Z a
0
1
Tm h tð Þ½ 
ln 1−P H : HS ¼ h tð Þð Þ½  dh
 
dH: ð4Þ
Having deﬁned the “a” and “b” parameters, the equivalent sea is de-
ﬁned as that part of the theoretical storm above the reference threshold,
which sets the storm condition,HT, (see Fig. 2). Therefore, the equivalent
sea is deﬁned by the equivalent wave height, Hequiv = Hs,peak − HT,
(the difference between the signiﬁcant wave height at the storms
peak, Hs,peak, and that deﬁning the exceedance threshold which sets
the storm's condition HT), and the base, the theoretical storm duration,
DETS, corresponding to the time the geometric shape remains above the
reference threshold, HT.
2.2. Equivalent Power Storm model (EPS), Fedele and Arena (2009)
The Equivalent Power Storm model, proposed by Fedele and Arena
(2009), is the generalisation of Bocotti's ETS model, 2000, which
includes a shape parameter, λ, enabling the initial triangular model
shape to be varied. The a and b parameters are the same as in the ETS
model. The parameter a is assumed to be equal to the signiﬁcant height
of the storm peak, Hs,peak and the base, b, is the duration of the geomet-
rical shape deﬁned such that themaximumexpectedwave height of the
triangle storm, EPS, is equal to the maximum expected wave height of
the real storm, Hmax, (see Fig. 3). The maximum height is calculated by
Eq. (1), (Borgman, 1970, 1973). The base, b, is calculated by making
iterations until getting the expected maximum height signiﬁcant
wave, Hmax, of the theoretical storm to equal the real one. and the latter
is deﬁned by:
Hmax ¼
Z ∞
0
1− exp b
λa
Z a
0
ln 1−P H : HS ¼ h tð Þð Þ½ 
Tm h tð Þ½ 
1−h
a
 1
λ−1
dh
( )
dH:
ð5Þ
The value of λ = 1 is that corresponding to the ETS model and for
λ = 2 the storm is modelled with a parabolic shape.
As in ETS and EPS models the equivalent sea is deﬁned and is
characterised as that part of the theoretical storm above the reference
threshold, HT, (see Fig. 3).
2.3. Equivalent Triangle Duration Storm (ETDS), Corbella and Stretch
(2012a)
This model consider a triangular shape of equivalent height, Hequiv
and base, D, the duration associated to the time the real storm remains
aboveHT, (Corbella and Stretch, 2012a), thismodel is used (Corbella and
Stretch, 2012b, 2013) later, see Fig. 4.
2.4. Equivalent Triangle Magnitude Storm, (ETMS)
A new triangular approach is proposed based on the storm magni-
tude, M, which is a concept introduced by De Michele et al. (2007). In
this model, the triangle height is obtained in terms of the equivalent
height, Hequiv, and the base, the theoretical storm duration Dequiv, is
established such that its magnitude (area describing the storm history
above HT), equals the real storm (see Fig. 5).
2.5. Equivalent Triangle Number of Waves Storm, (ETNWS)
The other approach proposed considers that the theoretical triangle
storm is deﬁned in terms of the equivalent wave height, Hequiv, and
the real storm number of waves, Nz, for deﬁning the triangle base,
(see Fig. 6).
The storm peak in all the models is assumed to be the middle of the
storm history.
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Fig. 4. EDTS model parameters and example of modelling.
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Fig. 5. ETMS model parameters and example of modelling.
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2.6. Evolution of the mean period in the course of a storm
The studies mentioned do not establish the way for which the mean
period, Tm, should be chosen in each storm sea state. This is an impor-
tant limitation if the damage progression of a maritime structure is to
be analysed since both signiﬁcant height,Hs, andmeanperiod, Tm, deter-
mine the total energy ﬂuxwithstood by the structure during its lifetime,
(Martín Soldevilla and Aberturas Ajenjo, 2001; Medina, 1996; Vidal
et al., 1995). In order to analyse this effect, three different approaches
are used, see Fig. 9.
The ﬁrst approach based on the representativeness of the Jonswap
spectrum for storm conditions and uses the expression proposed by
Rice (1945).
Tm ¼ 6:6π
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Hs=4g
p
: ð6Þ
The second approach takes into consideration both, the Jonswap
spectrum's application limits established by Torsethaugen et al.
(1984) for the different types of wave (see Fig. 7), and wave character-
istics in the project area. The upper limit (zones I–II of Fig. 7), is
representative for the NE Balearic Island coast storms:
Tm≈
3:6
1:2
ﬃﬃﬃﬃﬃﬃ
Hs
p
ð7Þ
and the lower limit for more developed waves (zones II–III of Fig. 7)
typical of the NW Peninsular Spanish coast storms.
Tm≈
5
1:2
ﬃﬃﬃﬃﬃﬃ
Hs
p
: ð8Þ
In the third approach, proposed by Martín Soldevilla et al. (2009) for
designing structures, use was made of the copula functions (multivari-
ate distribution functions whose arguments are the marginal distribu-
tions of initial variables). The characteristics of extreme multivariate
events are analysed in terms of signiﬁcant wave height at the storm's
peak Hs,peak and the concomitant mean period, Tm,peak, of each of the
storms. Different Archimedean copulas are used by Corbella and
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Fig. 7. Jonswap range as function of Hs & Tp (Torsethaugen et al., 1984).
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Stretch (2013) to study the correlation between these variables and the
conclusion is that they offer good results. The Frank andGumbel copulas
are usedwhich offer good results. The results obtainedwith the Gumbel
copula which belongs to the Archimedean family and also of Extreme
Value are presented in this study. Its expression is
C u; v; θð Þ ¼ exp − lnuð Þθ þ − lnvð Þθ
n o
to θ≥1 ð9Þ
where u is the marginal distribution of the random variable X = Hs,
u = F(X), v is the marginal distribution of the random variable
Y = Tm, v = F(Y) and θ is the dependency parameter.
Based on this copula, the authors propose to select the most likely
period for each wave height from the theoretical joint density function
(Fig. 8).
f Hs; Tm; θð Þ ¼ C u; v; θð Þ
− lnuð Þθ−1 − lnvð Þθ−1
− lnuð Þθ þ − lnvð Þθ 2−1θ θ−1þ − lnuð Þ
θ þ − lnvð Þθ
h i1
θ
 
u vð Þ−1 f uð Þ f vð Þ:
ð10Þ
The mean periods resulting from the different approaches are
presented in Fig. 9 together with functions of theoretical density and
the initial variables.
3. Analysing rubble mound breakwater damage progression
The Melby and Kobayashi (2011) formula is used for checking the
representativity of the theoretical storm resulting from the different
approaches and the ﬁnal damage is analysed, as well as its progression
in the course of both the real and the theoretical storms. The empirical
formula proposed by the authors uses the concept of the maximum
wave momentum ﬂux at the toe of the structure.
Using the linear wave theory, the maximum wave momentum ﬂux
is deﬁned as:
MFð Þmax
γwgh
2 ¼
1
2
Hs
h
tankh
kh
þ 1
8
Hs
h
 2
1þ 2kh
sinhkh
	 

ð11Þ
whereγw is thewater density, g the acceleration of gravity and k = 2π/L
is the number of waves. For non linear waves, the empirical formula of
Hughe (2004) is used:
MFð Þmax
γwgh
2 ¼ A0
h
gT2m
 −A1
with : A0 ¼ 0:639
Hs
h
 2:026
&A1 ¼ 0:189
Hs
h
 −0:391
:
ð12Þ
The expression proposed to estimate the damage progression is:
S tnð Þ ¼ Ks
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Nze þ Nzð Þn
q
amNmð Þ5n; with n ¼ 1 to n sea states ð13Þ
where Ks is an added parameter for analysing subsequent damage,
Nze the equivalent number corresponding to damage Sn − 1,
Nze = (Sn − 1/Ks(amNm)n5)2, (Nz)n = j the total number of waves
withstood by the structure in the course of the sea state associated
to a segment of the storm with a duration dtj = tj − tj − 1 where
Fig. 10. Scheme of the approaches used.
(Nz)j = dtj/Tmj and am a parameter depending on the porosity,
P, the slope θ, and the steepness, sm, of each sea state:
am ¼ 1= 5  P0:18
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
cotθ
p 
; for breaking in plunging sm≥smcsm≥smc
am ¼ smP=3= 5  P0:18 cotθð Þ0:5−P
 
for breaking in surging smbsmc
with smc the critical steepness given by smc = −0.0035 cot θ + 0.028,
Nm is the stability number depending on the wave momentum ﬂux, is
obtained:
Nm ¼
MFð Þmax
γwgh
2
Kα
Δ
 !1=2
h
Dn50
ð14Þ
where Δ = (Sr − 1); with Sr = γ/γw speciﬁc gravity of stone, with γ
the density of the stone, Kα is a coefﬁcient in turn containing Km and
Kr, empirical coefﬁcients for taking into account “the relation such as
a stone angularity or shape, superface, and stone interlocking”.
Fifteen theoretical storms resulting from considering six
models (ETS, EPS (for λ = 0.75 and λ = 2), ETDS, ETMS, ETNWS),
and different approaches for the mean period deﬁnition are considered
(see Table 2, Fig. 10).
The representativity of the different approaches is analysed by
reproducing the history of real storms and the corresponding theoreti-
cal ones in the damage progression model proposed by Melby and
Kobayashi (2011).
The accuracy of the different approaches is analyzed in terms of
the correlation coefﬁcient between the ﬁnal damage caused by
real and theoretical storms (see Table 1). The most simplistic meth-
od, the observation of the dispersion of real and theoretical damage
data (Fig. 11), was also considered as proof of their correctness.

Martín Soldevilla et al. (2009), Rice (1945) or Torsethaugen et al. (1984)
to deﬁne the high frequency spectrum area (zones I–II Fig. 7), are
practically the same. These results are maintained with the rest of the
storms analysed.
4. Conclusion
The ETSmodel proposed by Boccotti (2000), is acceptable for repro-
ducing the damage progression ofmaritime structures facing typical sea
storms. However, the model underestimates damage for more devel-
oped sea states. Underassessment occurs because when establishing
the base, the duration of the storm theoretical shape, as a function
of the maximum expected wave height, Hmax, does not consider that
sea states with a lower Hmax but a higher period result in a greater
energy ﬂow withstood by structure. Obviously, this effect is all
the more notorious if the greater is the degree of the sea state's
development.

